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This journal is ª The Royal Society ofUltrasensitive surface-enhanced Raman scattering
detection of trypsin based on anti-aggregation of
4-mercaptopyridine-functionalized silver nanoparticles:
an optical sensing platform toward proteases†
Lingxin Chen,*a Xiuli Fuab and Jinhua Lia
In this work, a simple and sensitive surface-enhanced Raman scattering (SERS) strategy was developed for
recognition and detection of trypsin, by using anti-aggregation of 4-mercaptopyridine (4-MPY)-
functionalized silver nanoparticles (AgNPs) based on the interaction between protamine and trypsin.
The polycationic protamine not only served as a substrate for enzyme hydrolysis but also worked as a
medium for SERS enhancement, which could bind negatively charged 4-MPY-functionalized AgNPs and
induce their aggregation. The hydrolysis catalyzed with trypsin in sample solution decreased the
concentration of free protamine, resulting in the dispersion of AgNPs and thus decreasing the Raman
intensity of 4-MPY, by which the trypsin could be sensed optically. A detection level down to 0.1 ng
mL1 for trypsin was obtained. The induced accumulation of AgNPs modiﬁed with Raman reporter
4-MPY largely enhanced the SERS responses. A good linearity was found within the wide range over
ﬁve orders of magnitude and reasonable relative standard deviations (between 2.4 and 11.6%) were
attained. By using trypsin as a model, the new concept can provide an excellent platform for
ultrasensitive SERS measurements of various proteases/enzymes which can lead to nanoparticles
stability change through catalyzed hydrolysis toward substrate.Introduction
Proteases, as paradigms of enzyme catalysis, play vital roles in
biological and physiological processes including digestion,
blood clotting, immune response, and a variety of cellular
activities.1–4 In addition, as the common agents to many viruses
and infectious diseases, they are involved in a host of patho-
logical processes.5–10 Therefore, the simple and timely detection
of proteases activity is oen critical. As a consequence,
substantial eﬀorts have been devoted toward the development
of various chemo/biosensors to identify and quantify proteases,
such as spectrophotometry,11 uorimetry,12 chromatography,13
electrochemistry14 and immunology.15 However, most of them
are laborious and complicated, especially diﬃcult in designing
materials with suitable structure to interact with proteases with
detectable signals. Therefore, it is highly desirable to develop
simple, rapid, sensitive and selective methods for detection of
proteases.tal Processes and Ecological Remediation,
, Chinese Academy of Sciences, Yantai,
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Chemistry 2013Surface-enhanced Raman scattering (SERS) technique has
received increasing attention and become a powerful spectros-
copy technique owing to its narrow bandwidth, evading pho-
tobleaching as well as the ability to perform multiplexed
analysis using a single laser wavelength, since its discovery in
the late 1970s.16–19 Although traditional Raman spectroscopy is
limited by low sensitivity, SERS could provide a signicant
signal enhancement with an enhancement factor of 106 to 1014
at or near the rough metal surface.20 Meanwhile, nanomaterials
have become a type of promising SERS substrates since they can
eﬀectively enhance Raman signals of adsorbed Raman reporter
molecules.16 Silver nanoparticles (AgNPs) are recommended as
enhanced substrates due to their strong SERS activity, and they
can be easily synthesized and modied by diﬀerent agents.21 Up
to now, various AgNPs-based SERS applications have been
reported.16,21–24 For example, Ren et al. have reported the
determination of mercury ions by a direct SERS technique
based on the interaction between AgNPs and mercury ions.21
Jiang et al. have developed a AgNPs aggregates-based SERS
substrate for sensitive detection of polycyclic aromatic hydro-
carbons.22 Our group has developed a highly sensitive SERS
strategy for detection of arsenic ions by using glutathione
functionalized AgNPs.23 In general, SERS-based assay is con-
ducted by two modes, i.e., via controlling distance between
reporter and substrate, and based on aggregation.24 However, toNanoscale, 2013, 5, 5905–5911 | 5905
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View Article Onlinethe best of our knowledge, there have been no examples based
on anti-aggregation of AgNPs for SERS detection of proteases.
Here, we expect to develop a simple and eﬀective SERS
strategy based on anti-aggregation of 4-mercaptopyridine
(4-MPY)-functionalized AgNPs with the aid of polycationic
protamine for detection of protease. Protamine, a low molec-
ular weight protein, has 20 positive charges as it is rich in
basic arginine residues.25 The polycation structure of prot-
amine allows the strong electrostatic binding with polyanionic
heparin26,27 as well as the negatively charged nanoparticles,27
such as gold nanoparticles and AgNPs. It should be noted that
the interaction between protamine and negatively charged
AgNPs could lead to the aggregation of AgNPs and thus induce
the changes in colors and surface plasmon resonance
absorption. In this case, the AgNPs have strong Raman
enhancement eﬀect for Raman reporter. On the other hand, if
polycationic protamine is cleaved to smaller fragments, the
interaction between fragmentary protamine and AgNPs will be
too weak so that it cannot cause the aggregation of AgNPs.
Consequently, the Raman enhancement eﬀect of AgNPs would
be decreased. Herein, trypsin was adopted as a protease
model, since it is the most important digestive enzyme which
plays a critical role in controlling pancreatic exocrine func-
tion.28 Protamine was successfully used as the substrate for
trypsin cleaving polypeptide based on the specic proteolysis
property of trypsin toward protamine.4 The developed SERS
method was demonstrated to be highly sensitive toward
trypsin, and capable of accurate quantication in a broad
linear range. Furthermore, the proposed SERS-based concept
might be well applied to monitoring various targets by virtue
of target hydrolysis catalyzed-induced nanoparticles stability
changes.Experimental section
Reagents
Trypsin from bovine pancreas (13 000 U mg1), pepsin from
porcine gastric mucosa ($250 units per mg solid), lysozyme
from chicken egg white (100 000 U mg1), glucose oxidase
from Aspergillus niger Type X-S (100 000–250 000 units per g),
thrombin from bovine plasma (40–300 NIH units per mg
protein), 4-mercaptopyridine (4-MPY) and protamine sulfate
salt were purchased from Sigma-Aldrich (USA). Rhodamine 6G
(R6G) was obtained from Aladdin Chemistry Co. Ltd (Shanghai,
China). Malachite green (MG) was purchased from Tianjin
Kermel Chemical Reagent Co. Ltd (Tianjin, China). Silver
nitrate (AgNO3, 99.8%), sodium hydroxide (NaOH, 96%),
hydrogen tetrachloroaurate(III) (HAuCl4) and trisodium citrate
were obtained from Sinopharm Chemical Reagent (Shanghai,
China). Hydroxylamine hydrochloride (NH2OH$HCl) was
purchased from Tianjin Kermel Chemical Reagent Co. Ltd.
(Tianjin, China). 4-(2-Hydroxyethyl)-1-piperazine ethane-
sulfonic acid (HEPES) was provided by Shanghai Shengong Co.
(Shanghai, China). All other solvents and reagents were of
analytical grade and used without further purication. HEPES
buﬀer solution used for all experiments was adjusted with 1 M
NaOH to pH 7.4. Deionized water with 18.2 MU specic5906 | Nanoscale, 2013, 5, 5905–5911resistances obtained by a Pall Cascada laboratory water system
was used throughout.Instrumentation
All measurements of SERS spectra were carried out on a Thermo
Scientic RFS100 Raman system equipped with a microscope
and a 632.8 nm diode pumped He–Ne laser source with a power
of 5 mW. The transmission electron microscopy (TEM) analyses
were acquired on a JEM-1230 electron microscope (JEOL, Ltd.,
Japan) with an accelerating voltage of 100 kV. The zeta potential
data were collected by using a Zetasizer Nano ZS-90 (Malvern
Instruments, Malvern, UK) with 2-fold diluted measuring
sample mixtures.Preparation of nanoparticles
Hydroxylamine ions capped AgNPs. Hydroxylamine ions
capped AgNPs were prepared by the reduction of silver nitrate
with hydroxylamine hydrochloride at room temperature
following the process described with necessary modication.29
Briey, 10.44 mg NH2OH$HCl was dissolved in 89 mL H2O and
was mixed with 1 mL of 0.30 M NaOH to maintain an initial
alkaline pH. Then, 10 mL of 0.01 M AgNO3 solution was added
to the above solution under stirring. The reaction mixtures were
continuously stirred for another one hour. The nal prepared
silver colloid was stored at room temperature. The UV-vis
spectroscopy was used to conrm the typical surface plasmon
resonance peak at 412 nm (Fig. S1†). TEM was used to charac-
terize the morphology and particle size of the produced
colloids, and the average particle size was estimated to be 35 
5 nm in diameter. The zeta potential of hydroxylamine ions
capped AgNPs was determined as 36.2 mV, which conrmed
that they were negatively charged.
Citrate capped AgNPs. The citrate capped AgNPs were
synthesized based on a previous method.30 Typically, 1.06 mL of
AgNO3 (0.10 M) was added to 100 mL of water at 45 C and the
solution was heated rapidly to boiling. Then 2 mL of trisodium
citrate (1%) was injected under vigorous stirring, and the
solution was kept on boiling for 45 min. The resulting solution
was cooled at room temperature. TEM image of the obtained
citrate capped AgNPs was shown in Fig. S2A.†
Gold/silver core–shell nanoparticles (Au@Ag NPs). The silver
coated gold nanoparticles (Au@Ag NPs) were prepared by
reduction of Ag+ in the presence of Au seed approach following
the recipe of Natan's group with slight modications.31,32 First,
the Au seed with ca. 13 nm in diameter was prepared by adding
10mL of 38.80 mM sodium citrate to 100mL of boiling 1.00mM
HAuCl4 under vigorous stirring. Aer appearance of a deep red
color, boiling and stirring were continued for another 15 min
under reuxing and then allowed to cool at room temperature.
Second, to prepare the Au@Ag NPs, 10 mL of Au seed was
diluted to 100 mL solution and was reheated to boil under
reuxing followed by addition of 1 mL of 38.80 mM sodium
citrate. Then, 5 mL of 0.01 M AgNO3 was added and the boiling
and stirring were continued for another 1 h. The Au@Ag
colloidal solution was cooled to room temperature and stored atThis journal is ª The Royal Society of Chemistry 2013
Paper Nanoscale
Pu
bl
ish
ed
 o
n 
22
 A
pr
il 
20
13
. D
ow
nl
oa
de
d 
by
 L
ib
ra
ry
 o
f C
hi
ne
se
 A
ca
de
m
y 
of
 S
ci
en
ce
s o
n 
14
/0
3/
20
14
 0
8:
08
:2
5.
 
View Article Online4 C and protected from light. TEM image of the obtained
Au@Ag NPs was shown in Fig. S2B.†Functionalization of AgNPs with 4-MPY
Six microliters (6 mL) of 250 mM 4-MPY was added to 6 mL of as-
prepared AgNPs with stirring for 2 h and then the mixture was
le standing overnight at room temperature.SERS analysis of trypsin
All the standard solutions of protamine, trypsin, pepsin, lyso-
zyme, glucose oxidase and thrombin were respectively prepared
by using 10 mM HEPES buﬀer solution (pH 7.4).
The samples for trypsin detection were prepared by adding
10 mL of trypsin aqueous solution with various concentrations
to the solution of 0.3 mg mL1 of protamine (10 mL), and the
obtained mixtures were incubated at room temperature for 5
min, followed by adding 80 mL of 4-MPY-modied AgNPs. Then
the samples were measured by Raman spectrometry with an
exposure time of 4 s and a laser power of 5 mW.Fig. 1 TEM images (A) and color changes (B) corresponding to (a) AgNPs, (b)
AgNPs + 4-MPY, (c) AgNPs + 4-MPY + protamine and (d) AgNPs + 4-MPY +Safety consideration
As aqua regia has strong oxidizing capacity and adverse eﬀects
on human health, all of the experiments involving aqua regia
should be performed with protective glasses and gloves.protamine + trypsin.Results and discussion
Analytical principle
Scheme 1 shows the possible analytical principle of SERS
sensing trypsin based on anti-aggregation of the 4-MPY-func-
tionalized AgNPs. As seen, the freshly synthesized AgNPs were
well dispersed (Fig. 1A(a)) and displayed a bright yellow colorScheme 1 Schematic representation of the proposed SERS sensing principle for
protease detection.
This journal is ª The Royal Society of Chemistry 2013(Fig. 1B(a)). During the process of SERS probe synthesis, the
added appropriate amounts of the Raman reporter, 4-MPY,
replaced parts of the hydroxylamine ions and were adsorbed
on AgNPs, and then the surface of AgNPs kept both 4-MPY and
hydroxylamine ions. In this case, strong Raman signals would
be produced owing to the presence of 4-MPY, and the existence
of hydroxylamine ions would keep the stability of AgNPs in
solutions. Generally speaking, 4-MPY interacts with AgNPs
through three diﬀerent ways, namely, via the lone pair elec-
trons of the sulfur (S) or nitrogen (N) atom, or via the aromatic
p electrons. According to the previous work,33 it could be
concluded that the Ag–S interaction was the major contribu-
tion to chemisorption between 4-MPY and AgNPs, the Ag–N
interaction played a secondary role in the adsorption process
which was variable with the surrounding pH conditions, while
the surface-aromatic p interaction was not important. In this
work, the Ag–S interaction was characterized by the disap-
pearance of a band near 2575 cm1 due to the SH stretching
mode as well as the downward shi of 721 cm1 (b(CC)/n(C–S))
to about 707 cm1 and the remarkable enhancement of 1096
cm1 (ring breathing/C–S),33,34 as shown in Fig. S3.† The weak
bands at 1221 cm1 (b(CH)/d(NH)) and 1579 cm1 (n(CC)) and
the emergence of the bands at 1611 cm1 (n(CC)) were the
marker bands for N-protonation (Fig. S3†).33,34 As is well
known that the pyridinium cation could not be adsorbed
eﬃciently when pyridine was adsorbed on the silver surface.33
Thus, herein, Ag–S bond was the main interaction between
4-MPY and AgNPs.Nanoscale, 2013, 5, 5905–5911 | 5907
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View Article OnlineUpon adjusting the added amounts of 4-MPY, the color of
colloid AgNPs remained bright yellow (Fig. 1B(b)), indicating
that the 4-MPY-modied AgNPs were still monodisperse
(Fig. 1A(b)). Aer addition of protamine, a polypeptide rich in
arginine residues with a charge of about +20,35 it would be
adsorbed on the surface of 4-MPY-modied AgNPs through
electrostatic interaction which would neutralize the negatively
charged hydroxylamine ions capped AgNPs. This interaction
between protamine and AgNPs reduced the stability of
hydroxylamine ions-stabilized AgNPs, and thus resulted in a
dramatic aggregation of AgNPs as well as an obvious color
change (Fig. 1A(c) and B(c)). Meanwhile, the aggregated AgNPs
ingeniously produced a number of “hot spots” owing to huge
electromagnetic eld enhancements at nanoscale junctions
and interstices,32 so the Raman signals excited by laser were
greatly enhanced. However, excitingly, once trypsin was
present, SERS signals would be signicantly reduced (Scheme
1) along with a native bright yellow color (Fig. 1B(d)), by which
the trypsin could be sensed. The reason might well be attrib-
uted to that trypsin as an important and typical protease can
catalyze the hydrolysis of protamine, and thereby decreasing
the concentration of protamine in the solution and discour-
aging the aggregation of AgNPs (Fig. 1A(d)), as illustrated in
Scheme 1.
To conrm the feasibility of this system for trypsin detection,
a series of control experiments were carried out and the results
are shown in Fig. 2. It could be seen clearly that in the presence
of separate AgNPs, 4-MPY, protamine, or any two of them, there
were almost no SERS signals (Fig. 2, curve a–f), while strong
SERS spectrum (Fig. 2, curve h) was obtained from the sample
with AgNPs, 4-MPY and protamine. But in the presence of
trypsin, there was a signicant decrease in the SERS intensity
(Fig. 2, curve g), suggesting that AgNPs aggregation degree was
remarkably decreased owing to the hydrolysis eﬀect of trypsin to
protamine. All the results were consistent with that we antici-
pated and conrmed the feasibility of the SERS assay for
detection of trypsin.Fig. 2 Raman spectra of (a) AgNPs, (b) 4-MPY, (c) protamine, (d) AgNPs + 4-MPY,
(e) AgNPs + protamine, (f) 4-MPY + protamine, (g) AgNPs + 4-MPY + protamine +
trypsin and (h) AgNPs + 4-MPY + protamine.
5908 | Nanoscale, 2013, 5, 5905–5911Parameters optimization
It has been well-established that the SERS substrates have an
important eﬀect on the SERS enhancement.16 The most
frequently used silver colloids are synthesized either by reduc-
tion of silver nitrate with sodium citrate30–32 or by reduction of
silver nitrate with hydroxylamine hydrochloride.29 Citrate
reduction of silver nitrate requires adding the reducing agent to
the silver nitrate solution along with vigorous stirring and
reuxing.29 During this synthesis process, due care must be
conducted, and otherwise, the colloid would aggregate and
eventually precipitate the metal, which would lead to changing
properties of the silver colloid and thus also varying enhance-
ment factors.29 However, excitingly, the hydroxylamine-reduced
silver colloid was prepared at room temperature within a short
time with high preparation success rates while maintaining
good reproducibility in the obtained enhancement factors and
could be used immediately aer preparation.29 Furthermore, as
shown in Fig. S4,† the highest SERS enhancement could be
obtained when hydroxylamine ions capped AgNPs were applied.
So, the hydroxylamine ions capped AgNPs were selected
throughout the study.
Then, three kinds of Raman reporters were studied
including 4-MPY, R6G and MG. As seen from Fig. S5,† 4-MPY
exhibited strong SERS signals but there were almost none for
the other two reporters. This might be owing to the fact that the
Raman reporters had diﬀerent types of bindings with AgNPs. As
one kind of thio small molecules, 4-MPY was bonded with
AgNPs mainly through strong Ag–S interaction in this
system.16,33,34 While, R6G and MG were cationic dyes and they
were bonded with AgNPs primarily by weak electronic interac-
tions.16,36,37We further investigated the zeta potentials of AgNPs,
AgNPs + 4-MPY, AgNPs + R6G and AgNPs + MG, which were
36.2 mV, 35.5 mV, 29.5 mV and 29.8 mV, respectively.
The data suggested that R6G and MG could greatly reduce the
surface negative charges of AgNPs thereby weaken the interac-
tion between AgNPs and polycation protamine and decrease the
SERS responses. It should be noted that protamine could also
powerfully compete with R6G and MG, since their respective
binding with AgNPs were all through electronic interactions. In
this system, except protamine, neither R6G nor MG could cause
the aggregation of AgNPs. So, it is very likely that the polycation
protamine would easily replace the Raman reporters of R6G and
MG adsorbed on AgNPs, and would remarkably reduce the
Raman enhancing signals. Meanwhile, it was found that 4-MPY
had little eﬀect on the negative charges of AgNPs, and thereby
without aﬀecting the binding between protamine and AgNPs.
Since the Ag–S interaction is much stronger than the electronic
interaction, 4-MPY would not be replaced by protamine.
Therefore, in the presence of protamine, the 4-MPYmodied on
AgNPs provided strong Raman enhancing signals. In this study,
4-MPY was adopted as the Raman reporter.
Next, the inuence of the concentration of 4-MPY on the
SERS intensity was investigated with four diﬀerent concentra-
tions (Fig. S6A†). It was found that the higher the concentration
of 4-MPY in the range of 1–2.5 mM was, the higher the SERS
signal intensity was obtained. However, further increasing theThis journal is ª The Royal Society of Chemistry 2013
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View Article Onlineconcentration of 4-MPY would induce AgNPs aggregation and a
relatively low Raman signal. Therefore, the concentration of
2.5 mM was chosen.
Finally, we studied the eﬀect of the amount of protamine for
detection of trypsin. As seen from Fig. S6B,† the SERS signal
became large with increasing the concentration of protamine
because of the enhanced aggregation of AgNPs, while at
concentration >0.3 mg mL1, the SERS signal presented a
signicant decrease. Further increasing the concentration to
5 mg mL1, the SERS signal was almost the same as that in the
absence of protamine, and the color of the AgNPs colloid also
recovered to native bright yellow, as shown in Fig. S7.† More-
over, the present zeta potential was attained as +43.5 mV. Thus,
it could be concluded that the protamine played a role of
stabilizer for AgNPs at high concentrations and thereby the
developed SERS strategy would be invalid. When the concen-
tration of protamine reached 0.3 mg mL1, the Raman intensity
was high enough for detection of trypsin (Fig. S6B†). Therefore,
0.3 mg mL1 was chosen as the optimal concentration of
protamine.Fig. 3 (A) Raman intensity changes of 4-MPY modiﬁed on AgNPs–protamine
mixed solution upon addition of diﬀerent concentrations of trypsin (0–10 000 ng
mL1) and (B) a plot of corresponding intensity of the Raman band at 1096 cm1
versus the logarithm of trypsin concentration in the range of 0.1 to 10 000 ng
mL1. Each error bar represented the standard deviations based on three inde-
pendent measurements.
Fig. 4 Comparison of the Raman intensity of 4-MPY modiﬁed on AgNPs in the
absence or presence of diﬀerent enzymes. The concentration of each enzyme was
1 mg mL1.Analytical sensitivity and selectivity
The ability of the developed SERS biosensor for quantitative
analysis of trypsin was further evaluated. Under the above
optimized parameters, the SERS spectra of 4-MPY on AgNPs to
diﬀerent concentrations of trypsin were recorded for sensitivity
investigation. As shown in Fig. 3A, there are many spectral
features which are attributed to 4-MPY bands, such as those
located at 707, 1011, 1061, 1096, 1221, 1579 and 1611 cm1. The
strong SERS band at 1096 cm1 corresponding to the ring-
breathing/C–S stretching mode indicated that 4-MPY was
adsorbed on the surface of AgNPs colloid through the sulfur
atom.33,38 It is also supported by the stretching mode at
707 cm1, which displayed an increase in intensity.38,39 The
bands at 1579 and 1611 cm1 were assigned to C–C stretching
mode, and the bands at 1061 and 1221 cm1 corresponding to
C–H mode were also observed.39,40 The band at 1011 cm1 was
assigned to ring-breathing mode.41 It can be clearly seen that
the peak around 1096 cm1 was the most prominent one, and
its Raman intensity had a concomitant signicant decrease with
the increase of trypsin concentration. Naturally, the process of
trypsin-induced anti-aggregation of 4-MPY-functionalized
AgNPs was followed by monitoring the changes in Raman
intensity value at 1096 cm1. Thus, the Raman intensity of
4-MPY on AgNPs at 1096 cm1 was used here for quantitative
analysis of trypsin. As shown in Fig. 3B, the Raman intensity
exhibited a good linear t to the logarithm of the trypsin
concentration in the range of 0.1–10 000 ng mL1, with relative
standard deviations between 2.4 and 11.6%. The minimum
detectable concentration was 0.1 ng mL1, indicating that the
SERS strategy was ultrasensitive and highly reliable for the
detection of trypsin.
The detection selectivity of the anti-aggregation-based SERS
strategy toward trypsin was also investigated relative to other
potentially competitive enzymes, including pepsin, thrombin,
lysozyme and glucose oxidase. As shown in Fig. 4, in theThis journal is ª The Royal Society of Chemistry 2013presence of pepsin, SERS intensity barely changed compared to
that given by the blank, while for thrombin, SERS intensity
slightly increased, possibly because it caused the increase ofNanoscale, 2013, 5, 5905–5911 | 5909
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View Article OnlineAgNPs aggregation degree. Meanwhile, as seen from the gure,
aer addition of lysozyme and glucose oxidase, the SERS
intensity had a slight decrease; interestingly, trypsin led to a
signicant SERS decrease at an identical concentration with
lysozyme and glucose oxidase. This case suggested that only
trypsin possessed strong ability to hydrolyze protamine, and
thereby hindering AgNPs aggregation as well as facilitating the
dispersion of aggregated ones. It demonstrated that the devel-
oped program provided attractive specicity toward trypsin.
Analytical performance comparison
The analytical performance of this developed SERS strategy
toward trypsin was compared with some reported colorimetric,
uorescent, and electrochemical methods for trypsin detection.
As can be seen from Table S1,† the colorimetric methods based
on Arg6 inducing the aggregation of gold nanoparticles28 or
using a derivative of Rhodamine B, copper ions and bovine
serum albumin11 have the advantages of label-free, visualization
or simple operation processes, yet they show lower sensitivities
or narrower linear ranges. The uorimetry methods possess
relatively wider quantitation spans, but they are also involved in
the problems of complicated synthesis and purication proce-
dures or lower sensitivities.41–43 The electrochemistry methods
have the problems of time-consuming processes in production
of electrodes and lower sensitivities.7,14 Our newly developed
SERS method based on anti-aggregation of 4-MPY-functional-
ized AgNPs presents lots of attractive analytical features such as
simple operation process, wide linear range, high sensitivity
and short analysis time. This SERS strategy is easily performed
and can be used for rapid analysis of trypsin at ng mL1 level.
Conclusions
In conclusion, a simple, rapid, sensitive, selective and repro-
ducible SERS assay strategy for determination of trypsin was
developed based on anti-aggregation of 4-MPY-functionalized
AgNPs. By taking advantages of the signicant SERS enhance-
ment properties of AgNPs to Raman reporter 4-MPY and the
specic proteolysis features of trypsin toward protamine,
excellent analytical performances such as high sensitivity
(0.1 ng mL1) and wide linear range (0.1–10 000 ng mL1) were
attained. Since many nanomaterials and Raman reporter
molecules as well as specic interactions between targets and
substrates have been exploited and some of them are even
commercially available, such a sensing strategy can provide an
excellent optical sensing platform for SERS analysis of proteases
and hold promising potentials for fabrication of a number of
chemo/biosensors for various proteases/enzymes based on
target-induced nanoparticles stability changes.
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